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| Introduction
The charactoristic of alr photographs which dstormines their
oontent of intelligible detall is the resolution. It depends on several
variables and ono which is of significance in air photography is the
image movement during exposure.

The usual means of reducing this movement is to shorten the sxposure
time. This means is limited howevor, and in oases when velooity of
image movement is groat, as in large soale photogrephy, the resolution
oan be oonsiderably improved by roducing the velooity. The advantags
obtained in this way is also very signifioant when insufficient intensity
of illumination makos rslativoly long oxposures nooossary, for instance
in night photography.

The movement of tho optiocal image in tho air camera is duwe to
sevoral causes; tho forward velooity of the airoraft, tho irregular
movemont of tho alroraft in flight and tho camora vibration. The factor
affocting tho rosolution is the movemunt of thu optical image in rolation
to tho light suneitivo filme In this roport the torm "DMMOBILISATION OF
_ THE GPTICAL LL:GE" is uscd in the sunse of tho roduction of volooity of

the optical irwge in rulation to the £ilm without ruspoot to tho cause
of tho movemont. It includos thoruforc componeation for tho forward
velooity as well as olimination of vibration and stebilisation of tho
obmora in spaco.

The exposurv time is ono of tho interdupondent variablos oone-
trolling tho rusolution of thc lens-film combination. If duc to
inocrvased immobility of tho optical imago longor uxposurcs aro allowod
the other variablus can bo mudifiod accordingly, oege finor grain film
used, and tho r1vsolution inoroasud considersbly. This dnorcase in
resolution is dcuireble in vicw of the oxpoctod increaso in flying
altitude and it is obtainud without chunging substantially the dimon-
sions of tho camcra. Thic is of significanco in view of the tundencios
of developmunt of modont high spued airoraft vhich aro bogoming smallor
in sizve The altumative possibility of using lonscs of groatsr focal
longth inoruasus tho alroady ohjuctionablo sizo of the camora.

This rvport sumaarisus tho main rusults of tho work dono in this
oountry during the lato war on nagy irmobilisations It oontains new
oxporimental .videneu us woll as a discussion of somo rosults published
in the papers quotod ut tho ende o

Tho subjuct is sub=divided into throv main parts, - the causes of
image movoment, the offuet of moveriont on resolution, including tho
ostimation of ;sains obtuin-ble by inape immobilisation, and tho mcans
for imags immobilisation. At thu ond rosults of flying tosts arranged
to cheok som: of the conclusions arv dusoxibode

The applications which have found a sucoussful wey into surviow use
relate to suthur crudc compensation for forvard volooity in oascs whon
the blurr duwo to movceuont was obviouse The rusuvarch on application of
more ocompletu uliminution of Lmmy moverent was not oontinued as in war
timo therv w.ore no aduquate production possibilitivs for tho neovssary
stabilisation oquipnont which wis v udied for moruv urgent noedse Only
a "domonstrution uxpuriment” has beun earriud out, and has oonfirmod
tho practieability of this avuenuu for improvuaont in .dr photopruphye.

- -—— S ma——

2  Causgs of imagy mowvumont

Wo oan diffouruntiatu thres mnin causcs of imugo movessnt in air
photogruphy, thu progrussive novwment of the aireraft, the irrogular
rotational povummts of the aircraft in flight and the vibration of
the cam:ra trinafcrrud from the air frumo.

==
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the velocity of forward movement in tho camera will be designated
Vg and the ocorresponding angular velocity of apparent ground movement
&
The angular velooity of rotational (irregular) sairoraft movemente
will be deaignated 8; and vibration velooity 8";.

2.1  Forward movement of the airoraft

The tranalational movement due to the progressive movement of the
alroraft is in many oasea the most important of all the causes of image
movement.

The velooity of the optical image in the camera due to the movement
of the airoraft is v
A
Ve = ¢ F ceeereense(1)

where V, is the ground speed of the airoraft H its altitude and P
the fooél Jength of the lena. Often 1t is convenient to exprese this
velooity as the angular velocity of the spparent ground uovement.

v
8y = -H—‘A .----,-----(2)

expressed in redians/seo.
2.2 Irregular movements of the airoreft

On the steady angular velooity due to forward movement of the
alrorvaft are aupcrimposed the varying velooities dus to angular movements
of the airoraft in flight, about the three axes, i.8s rolling, pitching
and yawing, These movemente attain high velocities when the airoraft
is tuming or entering into dive or bank.

Puring straight and level flight these movemunts are due to asro-
dynapio, pllotage, and atmospherio causose In asteady weather oconditions
they®are relatively mall and dopend largely on the skill of the pilot
or on.the performanov of the automatio oontrolse

Tho valooitiea obtainod in stoady wouthor arv of partioular
importanee for photographio purposuvae These are tho usual conditione
on oloar days, without much cloud, which ure suitablo for air photogrephy

especially at high altitudose

Heasuraiunta of aircraft atvadiness wurv first made by tho author
by means of a gyrosocpic recordur, and uxtremuly low irregular
wwlocitivs woru found (1). Thu measurciwnts woro repeated lator on tho
vibration tracks rccorded for the purposc of testing camora mountings
as roported alsowhuru (2)e. Much highor fimres for tho angular
wlocitios woru obtainod in this way and it is auppesed that the
aoouracy of th. gyro rveording is not adojuate for this purposu.

More flashing light tracie have beon cbtainud ainoe the issuo cf
tho note (2). This is desoribud in sppordix I, As Justified in pare.
Jel (and Appel) the RaM.S. vulocity ruprusunts the rvlevant figure
for applioation in caloulations of photozrephio rvaolution. The
results of thoso mcasurvments arv as follows:

In avuragu conditions of manual straight and lovel flying in steady
voathur & RedeSe volooity dus to iiTogular airoraft move-
mynts of 00092 #28C. oan bo oxpoctods Tho maximum velooities

are more than three timss as great.
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ti'th careful Tlyihg this value oan be reduced to 0.005 spprox. By
using the automatic pilot a further reduction to 0.005 approx. can
_be expected, «und the maximm velocitise ecarcely twioco as great.

. @3 . Camera vibration .

Purther imayp movements which ‘are to be added to thoee desoribed
above are the rotationul oomponents of the camera vibration. These
dspend on the vibration of the airfreme and on the type of oamera
suspension.

Tho resulte of soms measuraents on oamera vibretione in different
typee of mountings have beun reported in (4). These. resulte are
ropoated in Table I with tho addition of the R.}eSe valuce for angular
velooities, which have heen ocalculated from the original oxperimental
figuros. '

TABLE I
Angulur velocities of camers vibretion, Wellington airoraft

g

er av
Me:'n R {} S
rad/800. [ rad/eece
‘Type 38 060070 0,0080
" " 0.0090 0,009
Cord suspunaion, no damping 00095 | " 0.0111
Cord ouspansion, friction damping 0eC085 00036
Cord suuspensisn, critical viscous damping 0.0023 0. 0030
Girbal susponsion, friction damping 0,0025 Ce 00351
L L L L 0 (VA8 Ve00h2
o, " assymetrioal load 0, 0042 Colll5
Spring tounting friotion damping - 0s0C55 Ce(\:62
A.11 mocunting 06 00V65 Ce0073
Ael1 mounting, friction damping 0.0038 | v.0045

=
=)
.

1

SOVONANFTUWN =

~h b

The moun €; figuvs of 060090 rad/sec, for the Iypo 38 mounting and
040042 rad/sco. for the gimbal mounting cen be adopted as reasonmebly
safe figurcss The oorrosponding ReslSe figures are 0,009 and
0.0045 rad/scc.

Thase figurus woru obtainud with long focus lens camera (2C"). It
ie usually found thut with ths short foous lonsee the vibrations are
higher. For instance with the Fel17 camere fitted with 6" lons in Ae.11
mounting in Lanoastor airoraft the mean value of angular volocity
€3 = 04025 and €4 ReMsSe 04025 has bocn found recentlye This ie howwver
an exouptional oBse und tracks obtained in Mosguite airoraft with Fe52
camorms in Type 58 und gimbal mowntings with lonees of 20%, 14" and 10"
focal length have ;avun reeults of the same ordor as in Table I.

PR Addition of movumcnts

ihe offective angular moveuwnt of the opticni image in the photo-
graphic comura is the rusult of the addition of the three types of
powmont discussed in tho proviocus paregrephse (nae of these is unifom,
the two othurs axe irregular oscillatory movemonts of varying directions
and of difforent charwcteristie frogquencies.

-6~
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will add as voctors and we want
nta superimposed. Vhen tho
lod and one of them is suffi-
ting vclocity will depond or

the c¢ft'ect of tho suporimpcsed uniform and
sen both arx f the samoc orde f magni-
f the dircctions bf the movements
to oach other.

r mont can bo spproximated by
velocity uation € = a sin x and

SAF 1l mowtting and f
sod to 0eQ054 1md/ se0. The

AtCe

Thosu resilts vere cbtainoed in stoady
"bumpy® woathor much highcr angular veloait
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..3 . _Effoct of the sovewsnt on photographio resolution

The effeot of wovemont of the optioal image during exposure oould
be included in tho charucteristios known by the oollective name of "light
aoatter”s Under this name we understand all the optical causes pre-
weoting the formation of perfoot images Yhen oonsidoring the lons in
stationary conditions tho optioal aberrations and wave nature of the
,light cause the rays emittod from a point source not to intersect in tho
point predicted by goometry but te "ascattor" in a charscteristio pattomm.

, Projeoted onto tho diffusing iodium of the emulsion the image is
axpandod and wodified in a pattorn charscteristio for the "lons and

. »amlsion scattors Tho movement during oxposure causes furthor expansion
and change in the charactor of the pattomm.

. This "light scattor"” ruducus tho oontrast of anxll details and
makos them invisiblo on thu grainy background of tho photographio iuago.
Wo may oxpoot that thu offeot of movuont will dopond upon tho charaotor
of soattor producod by the lons and fili. It is probeblo however that
the oharacter of soatiur for difforunt lonses is similar enough to make
it possiblo to find an umpirical function of gunoral sppliostion relating
tho rosolution to the imagu movumonte

3e1  Grugory's uXporimontal yosults

. Grogory has muasurod the uffoot of laago moveiont on rosolution
using the 2" ¥/0.6 Aviar lons und SXX film as a roproaontative lons
£41m copbination (6). 'In tho nnalysis of his rosults (7,8) ho found it
unnecessary to doal with tho i)itial part of tho imago movement-rvsolu~
tion funotion, whoru tho resolution is still largoly dependont upon tho
dons soattour. ,

The aim of image stabilisation is to reduco the movement to such
limits that its offuot on rusclution would bo ncgligibloe Thoreforo
the iowost part of the curve is of spuolul interust.

In ordur to arrive’ at a.genural relation Grogory's oxperimental
results woro roplotbod in a difforunt vay. Instuad of tho rosolution
its inverse, i.v. thuo magnitude of thu anglo rurolved is plottod as
function of tho movomont. Both vurinblos aro divided by the magnitude
of the anglo rusolwud in tho stationuxry imagu. Tho rulation can bo
writton as follows: -

'-.n
e

0.
s £ (5
A, (kL)

whore M is tho mnulloust angl. boiicon test linos rosclved in tho
voving imago,
M, tho samo in tho stationary image, and
"¢ w0t is the angulur Lma:e wovenunt during oxposure, Ye. substituto

A : .
"JI: = A (rvlative magnitudo angio raosolvud) and

5 iL = m (rolative imngo movomont)
S A

. .

A cn bo only equal to or groater than umity and wo cam
writo the ruvlation:
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A i# ‘(ll) -.---.-----(k) ,
with g(m) = Oform = O

Gregory has measured the effeot of movement on resolutiom for four
different lens -aporturos and three angular separations from the optio
axis. The moasurements were made on Cobb type test obJoots with linss
at 00, 30°, 60° and 90° to the diruotion of movement and for two tost
‘eontrasts, tho high contrast (unspocified) and low ocontrast of O.14
density difforonove  The rulative englos rosolved caloulatod from
mwothod=out curves dram through Grogory's oxporimentel points axe
plotted against rolative movomonts on JFigs. 1,2 and 3¢ On Figel the
remits for hich contrast tust ocbjcot for tho threc angular scparations
and four aporturus axo shown for movoment at 90° to tho tust objoot
lines. Fige2 shows tho samo rusults for the low contrast tostse Tho
points obtained for dirferunt apertures arc all reasonably vwell ropro-
sented by the samc curvee The duviations of the exporimontal points
from the common’ curvo do not soum to indiocato any systomatio trend.

Moro systomatic seom to bo the difforencos in the shape of tho
ourves for varying dngular supaiations from the axise Tho toe of the »
ocurves is always smallur for growtor anglose

Also tho shapo of ourves varies with tho ,test contrast and for
low contrast the curves aru tangurtial to tho movumont axise. For high
oontrast tosts this is less noticenbloue

X Curves on Fige3 uru obtainod from diagrums avernged by Grogory

for all anglus botwuen tost dizuction and image movament and for tho
imago arca covered by a cirole of 9¢ anglo to the optio axis. On theso
Qurves tho difforoncu beticon tho high ocontrast und low contrast tost
.is glso noticeablu.

It would be dusirablo to uxtond thesc muasuromonts to more lomsos
in order to confirm thuse conclusicns. It would also bo necocssary to
inoclude films of diffiurunt graininousse From tho goneral theory it
would be expected that tho offect of decreasing grmininess would bo
comparsble with that of increasing tost contrast.

The shupo of thoee cuives is olways dufinitely concave, Such
shape hes bcon prodicted by Sclwyn on tho grounds of a thoorotiocal
ergumnt (5) wlthough the czperimental risults do not oconfim his
prodiction quantitatively.

In srder to find somc simplc pousr relation for 4 (m) the function
A=1 = ¢(m)

is plottod on log log paper. Lincar results arec cbtainod for tho high

contyest tost objoct, with the slcpe of tho lines varying betweon

1e1 and 148 for tho three image angles and an averago of 155 The

log groph is not linoar for tho low contmst test, and tho alope

incrosses with doorsasing movawonte In tho lowor part of the curve for

1.230.3 the alope of the curve varies botwoun 3 and 2. When tho

awrngs romults for all tost objoot dirvotions and u 90 imoge fidld axre ,
ted in a similar vay, slightly smallor slopes arc cbtainud. For the

contrast testy the slopo waluos vary betweun 1 and 148 and for the
o M ocutrest between 346 4and 2.1 for varying apartures.

_In air photogrephy . the low oontrest dutails :do of great signi-
- ond for theee W8 oy sigross that the relation expressing the
¥ pesolution as & functiem’ d ‘Image movesont is sufficiently well
mm by & qm&lo function of the shepss
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. A =1 a¥(nd) . eseecsass(B)

It is thus justifiable to use the R;li. S. velooity values for estimation
pf the image movement, as has been suggested in PAXQS . 2.

2 limits of negligible imuge movenent

In order to estimats what is tho groateat allowed image movement
during oxposure, some arbitrary assumptions about the tolersble reduotion
in rosolution have to be madc. For this limiting condition it soems
Justifisble to consider tha oaue when the offoot of novemont on resolution
i greatust, ifets with test objuot linos ut right angles to tha direotion
of movemente Also (rogory's curvorn for tust object at right angloa
appear to bo moru oonsistent than the avoragod Curvuse

Tt is usually supposcd that & 10,3 chungo in rosolution is scarcoly
noticcablo in practice. An incruase of tho mmallost tect size resolved
by 205 (le@e ruduction in rosolution by 17:) for test linos at right
angles to tho movument aircotion has buen adopted as 2 1limit for tho
"nagligiblo” roduction in resclution.

On thu curves Fige1 and 2 we find that this reduntion in resolution
is producod by an imego ovanent varying batween Ge5 = 0u8 Ap, acocrding
to tho tost oontrast and lmegc anggloe - It is thought that the adoption
of the ourve for 90 imagu angle end low contrast test objoct (Fige2) is
Justifiod, as reprusentative for 8vVerago oonditionse

Tho tost contrast of Oe11 is cxpuotod to bo more roprescntative of
the dctail contrast in acrial photography then high contraste As con-
comns tho image anglo, & groat proportion of tho arca of the Feb2 imago
with 20" lons coriusponds to an angle greater than 9%, Supposing that
the trend of chango of the characteristics with image angle will continuo
whan inorvasing tho unglo beyond 9°, thu rosults for §° will bo moro
reproscntutivo for tho wholo image arcé than tho awuraged roesults botweon
o° - 99, Finally it is sufor to sdopt the curve for vhich is steepor
than thu two othors showm for the low contraust tost objocte In this
way a highor cstinato for the ruquirvd image stability is obtained.

on thoso assumptions vie find thut an image movement oqual 06 N\,
oan be nllowed huforo noticcablu dsturicration’ of imago definition
oCOourse

On the averaged ourves for low contrast a movenent of 0.6 g,
ocorrosponds to an incroasc in sige of test object yosolved by 1%

For & movuaawnt twict a3 great (1.2 %) the size of tost objoct
rusolved 1ncreases ty 70 for linus perpondicular to movement and by
154 for thu averngsd resulte This is I voIy aiynificant reduction in
rumolutione

sed Lesuits of air vist

in ordur tc obtain 2 ahaok on these figuree an alr tost was
arranged in such u WAy that photographs with image movonont during
oxposury oqual to 0.6 and 12 of the zl
tho staticn oy dmogo wWerv g
movemunt cumpunsutione Two FoH2 cumo
woere casriced in a Wuilington siromaft fly.rg at on )
apd 3250 wrd sround gpaed of 20C lsepelie  Thu lemscs wuxe usod ot 1756
with 1/400 suoe shuttor scttinge In thuso conditions the irregular
movamont is nugligitlo. Thoto £ the ReswEe tost cbjeot wore
takon using o stondurd angaxine spd a moving £ilm nagazince 12 photo-

ghs of tho tost obJjoot wore dbtadnode Aftor 6 photographs tho

nos wars interchanged on the cameyas so o8 to oliminato tho

poasiblo offuct of diffurcnce in lens rosolution.

- 10 =




Fe AeE. TNoport Noe Ihe 16

ho difference in tho numbor of tost=groups rosolved vhen
comparing the ncgativ th & t oqual 0.6 Ap, and no movement,
sgossod by bsorvers, Ol oupss This cormsponds to un
incroaso in sizo of thu tust objoct resoclved by 114 In tho centro
of the' flald (angular suparation from axis loss than 3°) thé mozn
Hfforcnco of 0e72 groups has buocn found from 4 tost photographs,
corresponding to an inoroaso in tust sizo of 184 Thus the agrooment

4 ¢ *tion is good. ;

k

X poeaiblo to asscsn thé difforence in resclution in tho
£ > o With sovement oqual 1.2 A, as all.tho tost objocts wwre
rusolved on all tho photographs.

n Fizel two pairs of photographs showing tho offcet of rovement
[ to 0e6 Ay, aro reproduccds The differcvnoe in resclution is Just

ticcnble. Fige5 shows the significant, offoct on rosolution caused
by wovemcnt mal 142 kL- 1Ry

It is concluded that tho awnt oqual 0.6 \L can bo woll adopted
miting movemant valuc.

It is uvxpcctod that tho oxtunsion of this limiting veluo of movo=-
wnt to similar types of luns F difforont focal length should bo
lloweds In vicw of the diffor in shapo of tho movemont tost cbjuct
sizo relation with tho change t obJect contrv.at it is thought that
conslderable change rt.ininess may attoct it. Thervfore tho
lue arrivod ut should not b tondpd to fine gruin amulsions. 4s no
uxporimant nformation for fino grain omulsions iz availablo howver
the some valuc has beon used i 1 tho arguments in this rcport as a
first approximation. It xpuctud that tho orror introduced by thi

sumption would novur b 2 ¢ 1o

mt tuat obJact sizo
ionco with' imago move-
roduction of uxcossiv
ition and whon cpproach-
. his makos grect
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TARLE 1T
Resolution of lensea
Bagolution of lenses

Rosa 20" £/603 Survey lens (9 %)_‘-éé r fnas®

TeTole 20" /546 Aviar lons(10) (B/5.6)
5800

Ross 20* ¥/¢.3 Survey (protow
: type) (11)

Booth 36" Loss lo. 158073
F/6.3 Tslephoto (12)

Wray 36" /6.3 Prototype (13) | 11000 13000  » - ‘1'0»000

e

At F/11 we can adopt for ths lenses at present in servios a mean
Angular resolution of 600G lin/rad. for ths 20" lens and 10000 1in/rad.
for 36* lens, We May expsot that in the futuye the respective figures
will be 10000 for 20* and 14000" for 3gn lens,

Therofors Ce6 Ay, 1ese ths Lacimum movement during sxposure which
would not seriously affect the resolution with ths lensss in use at
present is 0.0001 rad, and 0.00006 rade for the 20" and 36" lenses,

0.6 l]"
—_—L
by
time. Witn 1/4,00 scc, shutter tine this oorresponds to 0,040 and

0002l rad/sec. angular velocity. ..

When adding the forward veloeity to the irregular novement wo
oaloulate uaing fomula (3) that in &n aireraft flying at 250 mepeh,
the sffect of movemont on resclution will beoome noticoabls below an
altitude of 18000' with the 36~ lens and 9500 with the 20" lens,
vibretion was Present those altitudes would be 15000' vith the 36
lens and 9000 witn the 20" lens at 1/11.

is the orresponding angular velooity, where tg is the shutter

Tha severe offuct of poviaont as shown on Fige5 should appoar et
7500 and 4500 with the two lenses rugpuctivolys

-—-——.-—.-—--—.._----..--—_.ﬁ-. —

* The tsm "resolution® 1s much usod and eltlough in rooent YoArs groat
Progress has buon mado in the duficition of this complicatod quantity,
#omo confusior seems to haye arisen in the nomenclature in its appli-
oation to air phofognphy. The rvsolution of a rhotographio Daterial is
nes per millimotre. The
2 corbinations, but it is con-~
If R is the resolution on
longth of the *orm in
; s /R small
therefore thg
Toarlo oalls this the ground
ted by some other authors.
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: Bupposing & given velocity of the optical image movement, all these
elemants are interdependent and we cannot altsr onc of tham without
altering tho othsrass For instance if we try to ruduce ths graininess
thie oan be achiovud in gonsral only by using a £ilm of lower speed and

. an alteration of the lons aporturu or exposure time will be roquirod.
The change of lons aporture will affoot the light eocattsr and tho chango
of exposuro timo tho movemont during axposurc, and ao changos the
effootive light soattor in anothor waye

Tho valuos of shuttor spood, luns aporture and film graininuss
adgptod in prueent preotico aru compromisc valuos whioh in tha provailing
volooitios of imago movemont havo buen found to givo the boust possible
rosolution,

' Improvomont in any of those clomonts = for instanco increasing tho
film spood without chenging its graininoss = willallow us tho adoption
of diffuront compromiso valuos for tho two othor olanonts and to obtain
_ an improvamont in rusolution. Roduction of imagc velooity will allow
longor oxposuros and improvawnt in rusolution of tho lons-film oom-
bination by uithor rodusing tho light scattor or tho gruininoss or boths

. Tho imago stobility rcquirod in ordor to obtain ‘a oortein gain in
rosolution can be ustimated using tho statistioal relations workod out
" by tho Kodak Ruscarch Laboratory at Harrow. Acocording to Toarle (16) °
. the angular rusolution of the luns-film ocombination is rupresontod by tho

formula:
A 1003
R = K' M’El___.
60.5

whoro G is tho film grainincss, I/No tho stop numbor of the lens, and
X' tho proportionality faotor.

On tho othur hand tho greininess of tho omulsions acocording to a
similar emgirical rolation %17), is proportional to tho cubo root.of tho
£ilm speod, Thus vhun chunging the £ilm graininoess tho relation betwoon
rosolution tnd exposurv time tp is oxprussed by tho oquation

tx a K" R6

Tho mrximum negligiblo movamont during oxposure is inversely pro~
portional to the resolution

- WE
m oa Eee
R'

und the maximum nogligible angular imago velooity

L - c_' = 7 i N :.Q.......
[ g o » R %. (6)

whuro €' is the now oonstant including X', K* and K™,
A

By sinilur reasoning wo find that whon changing the lona aportiwre
tho wuximm nepligible imogu velocity is

c“. K [ERX ]
. [ R7o7 se oo (7)
From this wu find that doubling thu rosolution by using finor grain
film would roquire tho inorease of axposuro timo 64 times and an inaronse
ity by a faotor of 128 timos. Tho maximm allowsblo
_mngular valocity to obtain this rusult with tho 36" tolophoto lons is
0.00019 rud/smsoe

-l -
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in avorege flying conditions. Tho samo applios to night photography
with o fast shutter sotting.

This meang that in thase oazes it is suffiociont te suppress the
forward movement in ordsr to obtain the full perfoimanco of the lens-
film oombination. In night phetography wit. a 1/25 secs shuttsr sstting
ixproved mounting and flying stability is nsoussary in addition to tho
ocompensation for forward movement in aorder to eliminate the éffoot of
movemont. In tho oases of high rusolution open platu night photography
and high rcsolution day photography with fine grain film, (Tablo III,

5 & 6) tho irregular movements uust bo oliminated far roro complotoly
than wus possible wntil recently in erder to cbtain ths sxpooted
porformanco.

42 Compensation for forward movomont = requircd acouregy

In ordoer to suppruss tho effuct of ferward movemont we must predict
or measwru its rate and eemponsato for ite DBoth can bs done in different
ways and thu dovico will depend on the roquired acouracy which has to bs
enalynod firste It i{s dotomiined hy thu requirwmont that the resolution
of the lens~filn ooubination should not bo affcctud by ths movement.

If howuvor for tuahnioel recasons wo dooido to suppross tho offuot
of forward movumont only in oasos when tho irrogular volocity is so
groat that it alruvady affoots tho 1v:svlutien, tho ferward volecity
should be limitcd to such an oxtent that it would not appruciably
affoct tho velooity whun uddad to tho irvogulur novuront.

In both casos it is oomwvuniont to uxpress the allowed error in
ocomponsation as a fraction ef tho uncompansatod voleoitye

In tho first ocasu tho allcwoed vulocity is 0.6 tE. This should
bo oqual to tho RelieSe vulooity obtainud by niding tho irrogular
yoloeity and tho pormissiblu c¢rror in compunsation which wo will call

a® Thus

. )
0 = / (0.6 M/tg)? - 0,2

foe 12 2
and €, % = %/(% 03 X100 4v0se(B)
y;
¥hen tho irrvgular movamont is nogligible thin bocomes
H 0-6}1‘
A

This muans the pumissiblu uvrzor is oquul to 100 x 0.6 of the
dotarl magnitude rosolvod by the atationary lens in the ground scale
.divided by tho distunce truvi.lled by the alroraft during tho axposure
timos In oosna vhon thu difforvneus in ground rusolution dus to
spplication of diffuront lunsvs oun be neglocted it will be in the
first approximntion invorsely proportional to tho imagu scalo, alroraft
speed and shutter timoe

In tho sucond case, when tho irruvgular mowvument controls the
rusolution wo muy adopt arbitrarily thoe condition that tho RehsSe
volooity rosulting from adding thosc movamonts should not bo affoctoed
by moro than 3K by the wniform oospononte This will affuct tho
avorago rusclution by approximatoly 5154, ncoording to tho magnitude
of tho irrogulaxr componont, as oon be scon from tho ourve Pigesb. It
would be more corroct to adopt an nrbitrery valuo for the rodaction in
rosolubions In view of tho approximate valw of nll tho oaloulations
it is thought this compliocation is not Jjustifiods
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From the equation (3) .ares 2ek it is found that the R.M.S.
velocity of the resultant motion 18 inoreased by 20, when the forward
_veloolty 3a 0s65 of the irrejular volooitye

Yo will thus have
B = 0a556; HNV, +100 ceesesesse(9)

The following examples nay servi as an illustretion of the order of
agouracy in compensution required in pruotioe. .

Supposing a day camere with 356" lens of I/11 und 1/400 socs
shutter time in an airoraft flying at 250 mepehe at 5000' altitude
wo find from formula (8) the allowed error s 257%

) In the night camera with 12" 19245 lona and 1/25 sec. shutter
time in an airoreft flying at 500 mepehe at-7000' altitude the allowed
error + 8 is found using formula (95.

In both casue the R.H.S. irrcgulur veloalty of 0.0134 rad/mec.
has beon supposed.

The required acowracy is muoch greater in the oase of a stabilised
. oamera with fine grain film.

Taiing tho samo 56" lens in the airoraft flying at tha same speed
but at 40000' altitude and using o fine grain f£ilm which would give
twice the resolution of the stoandard film - the allowod error in
compensation is only + 24

It is thus impossible to druw any figures genorally applioable
for tho required uccurucy in imngo .ovement compensation. They can,
howevor, bo caloulated for sach partioular ocuse.

.. .In the sbove reusoning the requiremont of the full utilisation

of tha potential rosolving pover of the lena/film cambination has buen
sdopteds The rogquirud image definition is an indepondent factors
Often much lowor rusolution will be adoquate, ompsoially if low altitude
flying has boun adopted for strategical rvasons rathor than for ocon-
sldorations of . round rusolution.

The uttainuble wcouraqy in movomont compunsation may bo
ilaitod by the :ecuruoy off tho wthods udopted and by tho acouragy
of ostimation of thu remd:ud coupunsation wiocily. Joivh those
factors ayu discussw! in i following puxographs.

he3 Muthods of com.cnastion for the forward movament

The offeot of the forwurd velooity of the airoraft on tho optical
imago in tho cmaoru can bu componsatud by intioducing a suitsble movo-
mont in thoe camuru wechanisme The alm of this componsation is to
1mmobiliso the optical ima,u in rulation to the sonsitive filue

Tha corpunsaticn oun by obtaitod in two differont ways:e=

() Tho optical imytu is moved parallul to itnolf or tho film is
moved in its pluno at such i ratc und in such a direotion as to
providu immobility of tiw Laye in rulation to tho filie

(t) The sighting axis of tho camuru is rotatod in such a way that tho
principal point of tho camore has tho same vbjoct point projectod
on it throughout tho oxposurue 5

-8 -
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when using the-fine grain film as in
rpir ff vory rmch more rapidly with
} ith tho high speed film. Tho
no grair 1m when uaing this

nt caloulated in para. Je5.

A disadvantage of -tho film moving mothod is that it is necossary
stress the film hanioally during expesuro in crder to ovorcome

.

the friction. This likoly tc treduce differential distortion

the film during exposure which may bo of significance in survey
tography. It is thought howevor that tho nccoessary friotion.can b

duced. by cupropriato camer n t uch an oxtont that tho olastio
stortion of the f£ilm would !} gligiblc.

Tho method of jwoving tho s is froe from this disadvantago and is

convenient for ygunt chanical solutions with tho lons movement
ipled with the sotion of the intor-lens shuttor.

In th OB.8 ever the N vement nust bo corrclated with th
attor action ir dor to all xact detemainaticn of tho lens

sition during cxposure

telhc mpansation in .t'_"_l CAIcYa

It is ton nocossary t " xis so that it is no

at right ang to th Lar oo camoras tilted sideways

asod in order to incr nd cover. ar tilt is used
night phot aphy t ; 1 t 1lluminated part of the ground
tho camcra ficld.

nt changod as comparod
1iform ovor tho ficld as
2 tho appendix
t wed with
« 2 cumora fittoed
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information slm by the navignt:l.én instruments or can be measured
direotly by means of a sighting or ground scanning device.

Besides the velooity the actual direction of movement in relation
to the airoreft axis, resulting from the airoraft movement and wind
vector must be determined. . .

he51 Measuromont of ground speed and altitude

The information nooessary to culculate the compensation velooity
is the ground velooity veotor and the altitude above the ground level.
The most usual mothods of measuring the regquired magnitudes in the
airoraft are to moasurc the statio air prossurv (altimeter) the
dynamio prussure (indioated air spood), and air tomporaturs. The
further information ruquired is the wind vector. This is tho one most
likaly to introduce urror. From tho oxpurienoo of R.A.F. Squadrons
using the Mke1k bombsight it is ostimatod that whon the wind veotor
is detemminod ncar tho targot by means of the Air Position Indicator,
an ovorell accuracy of the angular volooity dotoimination of + 3%
can be oxpectods .

. If the information on wind vector givem by tho metoorologioal
sorvice is usod errors of 25 nepehe aro quite likely, and an ovorall
orror of 4 10,5 should be uxpected with the prosent air spoods. If the
targot altitudo over soca lovul is not known the reclativo urmra may

inorutse coneiderahly, ospocially at low altitudos.

From thuse oonsidorations it oan be oconcluded that the caloulation
of componsaticn velooity from manometric altitude and air speed
measurcments givos rosults of adcquate accuracy for most applioations
of ima o movumunt compunsation. It is suitablo for adaptation for
automatio oontrols Its disadvantage is tho pioblom of finding tho
wind voctor and the iracouracy in the caso of viurying gsround hoight
in tho targot arcae Tho last cauno makes tho method of little use
for low ultitude photoiruphy in oasos of uncven ;rounds

Much more roliableresults in this ruspoct aro obtained by means of
tho radio altimotor vhich gives the altitudu above ground lovel. There
are nlsc possibilitius of moaswring dircotly the ground spood end direo~
tion by moans of radar mothods, and fooding tho informatien into a ocon-
trols “ioth thusu muthods aro in dovelopmont and will not be discussod
hero in detail. Gy gotting owvor the diffioulty causod by tho wind vec-
tor dctumminaticn, znd the nued to allow for ground altitude, those
mothods prowd:ie to bu much simplur and rulinble thun the methods bascd
on manomotrio muuswunent. The widvintage ¢f all those methods is that
they can be usod .it night as w0ll a3 in any. time.

Ma52 Sighting ruthod

The sighting mothod givos quickly uccurato infoymation on the
magnitude and dircotion of thu apporent image movamonte

. It is ostimatud that tho uffuctive uccurncy of tho S.A.B.S.
bombsight which i: imsvd on this principle is 9.51_.5.

It is thought that for thu purpose of ima ju movument oompensation
it will be oonvuniont to arxungo tho sighting device in such a way that
the coryrect compunsation could ho ustimatod at o glanco or'in ths ooursc
of a fow sevoonds and not as & rusult of & rulativuly long run as with a
bombaight. Jfeasurcswnts have thus hoen ondo on the visibility of imago
novanant in the fisld of a sighting toluscope vrovided with a gratioule,
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It has beon found whon cbsurving the moving pattom of tho aerial
: photograph without magnifiocation that a rate of movuuent of 0.0009
%d/se0, oan be deteoted in a fow seoonds under pood oonditions of
_obsorvation. 4 mwveuont twice us great is oasily seon in an observation
"of approximatoly 1 suo. duration. .

This muans that-in ordor to obtain tho acouracy of 0.00019 rad/soo.
nocossary whon using liicrofilo film with a 36" lons (parse Lel) a
magnification of approximatoly 5X and proforably 10X would bo nocossary
in tho sighting toluscopus More oxpurionoe is still required to
deoido tho bust magnification as it is more conwniont to uso a wido
anglo _sight, providing a groatur chanco of finding prominont ground
dstail on which to observe tho movomont

Tho aighting mothod besides buing mcourato is also simple, and
oortainly it is advised for oxporimental purposcs. Its disadvantage
is thot it cun not be duvolopod into & fully automatio mothods

It is thought that a duviou stopping tho image in the ficld of
.#ight for a roasonably long time (5-10 suos for conveniont cbservation)
+is proforablo to a sight with both imago and greticule travelling
. aoppss the ficld at the samo retus In this lattor caso tho magnifi-
.oation of tho sight would bo of luss advantago as it will roduce the
Quration of obsurvation in thu samo pmporbion as tho movamont velooity
13 inorvasud.

&53 Scann. canning mothod

Whon tho optical imago of a bright moving objoot is projected
upon a grid of transparcnt and opaque linos with a photoolootrio oell
arrangod bohind it a fluotuating owrrent is produceds Tho froguonoy
of fluctuation is proportional to the volocity of tho movomant end tho
numbayr of, grid linos por unit longth and can bo usud for weasuring the
veloaity (23

f If instuad of u singlo objuct tho wholo imago projooted on tho
grid is moving, cepe tho ground imogo soon from tho airoraft, similar
owrrent fluctuations aru obtuined bocauso of the diffoervnous in
brightnoss of tho iLmago dotail. Supposing tho transparont linos of
width a suparatud by opaquo linos of tho ‘semo width, now.dotall
will appuar in thu trunsparont linos as long as tho movamont is mmallor
than a and thu tottl flux trunamittod by the grid will vary at
random. For . movuuant cqual to 22 howovur, thu some dotail up at
tho boginning will bu projoctud on tho transparomt linos, shiftoed by
ona line spaoing with thu uxcoption of -the tirst lino whoro now dotail
. will haws ppetirode Tho flux transmitted will be nunrly tho samu as

at tho begirming.

Tha phosy ondl amplitude of this cyolical flux chango will vary
slowly at rondom os new dotail appours on tho jrid rusulting in a
signol characturisced by a bond of fruquoncivss Tho width of this
froquonoy band whioh dotonainos tho nccuracy of volocity motsuromont
dupmds on tho number of lines in tho grid,

- The principlo desoribod has buon appliod in the Automotio Film
synchronisor, built for tho Somno strip camora. Tho dovice
applios & aimplifiod optical systom with the lons roplocod by a grid

o
33y

‘This dovice is fully atasatic and oontrols tho apeod of £ilm
moveman$ by mouns of a constant spocd motor and ¢ variable tranmaission

-23-
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oan be toleratod. A gimbal auspm'dm based on this compromiso
with natural rotational froquunoios neur 100 cepeme and transiational
near 600 cepems has been built (4). '

In this mounting the ongular velooity due to high frequonoy
vibration has been rcduced to, or below tho l:vel of irregular -
airdyaft movement flown on automatio oontrols.

Still further roduction of high frequonoy vibration can bo
obtained by further roduction of tho naturcl froquency and rigorous
fulfilment of the condition of suspension ot the C.fs which roquires
compoensation for tho moss movonont due to film winding in tho ocamere
magagine. To cbtain .udvantags of this furthor roduction of vibration
tho low fruquonay irregular movamonts duo to airoroft instebility
have to be: eliminated by stabilisation of thu camern support in spaooce
With a rathor impoerfict gyro stebilised mounting obtainod by modify-
oatlon of tho Minnoupolis Hunoywell mounting & ruduotion in tho low
froquenoy movumants by a factor of 2-3 hes boon obtainud. This pore
formanoo oould probably be considerebly improvoed (21). 5

A bettor plan however is to reduce tho naturul froguonay of tho
glmbal susponaion to 20ro iece suspond the comore quite frooly in
noeutral equilibrium without elastic rostoring foroose Such suspension
will be insensitive to ull ungular airfranie movemontse In faot no
rotational foroos ohn be tranamittod to tho comera fyxom outsidoe A
self oontainod vertical seecking dovico must be provided on tho camore,
effioient encugh to nmompunsato for tho acoiduntal foroes acting on
the oomore.

This plan has been adoptod in an oxporimental suspension for an
Po2l, comers stobilised by means of a hoavy gyroscope (Vickors MkeII
kyroscope) oonnoctul rigidly to the camorae The susponsion is desoribed
in detail in Appendix V and tho flying tosts oarriod out with it in
porte 5¢22. It is oonsidervd that satisfuotory stability can bo cbtainod
in this waye The contrivencu is howover ousborsome and not suitable
for practicable applioation.

A new schamu to carry cut thia plan has.buen suggosted by tho
Instrument Division R.A.E. in which oloctro~mygnotic orocting torques
oontrolled by gyroscopes mounted on tho camore are applied to the
gimbal axese Application of the spaco oross principlo is suggustods

In the dsvicus constructed up to now carc wos tazon-te rocduco
tho angular movemont tbout two horizomtal axes wd loss attontion vas
givin to tho vortical axise This is Justifiod by tho fact that tho
moverment cbout the vertical axis w111 cause rotational sovenont of
the image in tho fooal plane sbout the prineipal peint @8 centros It
will thus bo nogligible in the widdlo of the incge ¢nd will inoreaso
towards the odgose. With the lohg focus lensaes which tru nmainly comdng
into oonsidorntion for this type of photogrophy, it will at the edgo,
scarculy be greater than 1/5 of thu moverent vhich would he produccd
by the snme angular velocity sbout the horizontal axise

With the high requirerent for inmge stability however it will
probably bo nocessary to account ror tho rotntional movements obout
the vertical axis as wulle %This cun bo obtiined by susponding the
onmora in o three axis glibale Tho movenunt nbout the verticnl axis
is nooossary in my orso fur wind drift idjustmoute Ty arranging for
this axis to Lo gv:0 controllud by a diroction seoking gyroscopu with
the ssimuthal equilibrium position remotcly controllable in rulution
to tho fore and sft axis of tho alroruft, both roquiremonts oould bo
satisfiod. Alturuotoly the gyro stabilisation mey be replaocud by drift
sAJustmnt cnly if wery high stability is not roquirods

.-.a-
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In thie case suspension at the CeCe must be rigorously satisfied
and the mass shift dus 4o film winding has to be campensated, in order
to avoid transformation of translational vibration into rotationale
It is thought however that small departures of the CeGe of ths camera
from the intersection of the gimbal axes in the vertical direotion oan
be allowed and the compensation for the mass shift mads unnecessary,
if the film spools are erranged vortioally provided that the whole
gimbal is euspended as a free pendulum suffioiently damped, as shown
in a schematio drawing on Fige9.

" In this way. tho acooclorutions acting on the cumere at its point
of suspension in horizontal directions will be limited in magnitude
and rate of change by the lov natural frequency of the pendulum
suspensione It is expectud that in case of a vertiocal cege shift of
4he camera the small and slowly varying moments of forco causud by
swinging of tho pundulum susponaion can bo componsatod by an offiolent
gyro oontrolled oructing aysteme

The trenslational vortical natural frequanoy of tho suspunded
gimbal system should be low unough to oliminate the high frequenoios
of the support which would bu haruful to the apparetus and oould
produce resonant vibrations of some of its partse Alsoc, resonance
of the wholo suspension must bu avoided in ordor to kecp the vortical
agoelerations low and allow greater error in tho CeGe position in
relation to tho gimbal axess It is oonsidored that a natural frequency
near 300 Ocepeme %butvoun 200=600) wAth adoquate damping would bo
oonveniont ‘and produce no oxcassive gravity deflouction.

Ths adventago of this schemo of susponsion (pendulum with vortioal
compliance) is that it ocan bu obtainod by means of one oompliant clomont

only and the number of thu necossary dumping oloments is also reducads
Tho compliant olomont oan also pluy thu part of tho pondulum hingee

5 Flylng oxperimunts

5.1 E ences and & cations in war timo

During the late war reduction of tho imago movement in relation
to the film vas appliod with succcsa in certuin oasose In all these
oasas tho rosolution was oonsiderubly affectud by tho movament and
the stabilisation was limitud to componsation for the progrussive
movempnt of the imago.

In day photogrephy movumnt oompunsation was applicd to low
altitudo - lar;e scale photogruphy for ruvoammalssance of landing
boeachose UeSeisisFe uscd thu "Sonno" strip camore for that purposes
In tho HeAeFs the orthodox owncra with continuously moving film and
periodioally opersted shutter was usods Tho movement was overoom-
pensated and tho offoctive image movamont was ruduced to half its
valuse This reduction ir. image movemont hus however produced a very
significant improvement in rusolution and no "blurr" oould bo
obaexrvod (25)e

In night photography movamunt ocomponsation was appliod at
modiun ard low altitudose At medium altitudes a ralatively high
degres of image stability was attespted in order to allow for a
relatively lony oxposurc timo ogual to tho duration of tho kg™ MkeII pyro-
technic flash ies. 3f tho order of 1/15 = 1/30 sooe This was miocoss~
ful at altitudos betwoen 7=10000' and the results werc bettor than
thoss obteined with the American Ke19 odmere with photoelectrically
opareted shutters A lowar altitulos however, the shutter ocamara

T el e
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. Attempts were also mads by reducing camera vibration and relying
on good flying to astabilise ths image sufficiently to allow high
altituds photography using long foous lanses und more powerful flashss
with longer duration. They wre not sucocessful because of insuffioient
flying stability. The contemplated use of autom. tic ocontrols for
inoreasing the stability was naver tasted adoquatoly, but in view of
the stability figures obtainod (parmdiel) it is nuot expoctod thatthis
would bs successfuls Stabilisod camora mounting is required to achiove
this aim.

At low altitudes utiliaing tho 1x" Vurcy flash oartridge of shorter
flash duration partial imego movoment comionsation vas appliod (overe
ooqons?ténn by 30;) with vory good rosults similar as in day photo-
graphy (26). ’ '

52 CIxporiments aiming at inoroussud rusglution

Two pleans for utilising imago immobilisation in oxder to inorcase

. the resolution of thu lons-fil combination in day photogrsphy wero

tostod oxperimentally.

In tho first plan advontago ias talon of the fact that the imugoe
stability obtainod with tho gimbal mounting in the oase of good
flying ia significently groator than that roquired by tho high speod
film and 1/400 sco. oxposurve It is thus possiblo whon componsating
for the progruasivu vulooity to inoreaso the shuttor timo and to
utilise tho inorvased oxposuro for improving tho rosolution of ths lena
film oombinations

The socond plan includod gyrosooplo oumore stabilisation ebout
two horizontul axos.

22! Compensution for forward movemant

In ordor to tust the first schomo it was duvoided to replaco tho SXX
film by an oxporimont=l fine grain film which vas uvailoble at R.AsE.,
of a graininoss similar to Panatomio X film and to roduoo tho lons
aperture by onu stope It was dooidod to oarry vut tho flylng tosts
with tho 20" Aviar end 36" Tulophoto lcnsess

%Whon ooloulating from thu rusolution measuraaonts mado by Toarlo
(19) (20) with thuso lonacs, tho uxpeotcd gein in moan rosolution whon
roplacing tho SXX film with Panatomio X und cuduoing tho aperturo
by ono atop an incrvasa of 35 s grodicteds A elightly amallor
figuru is obtained from Toarle's genurulised foamula (16)e This would
reuire an iporvasc in uxposuro timo of 6 tim:s znd tho corrvaponding
nllowod imago volooity would be 0s0050 :ad/suoe with tho 20" lans
and 0,0030 with tho 36" lense This should bo just obtainublc for tho
20" lons.

Tost with 20" lyuna

Two Fe52 camurns fittod with matchod 20" ¥/5.6 Aviar lonsos woro
flown in a Wollington alroraft at 10,000' and 24,C iepehe ground spoed.

. Comera A with 2 standord typ. 33 mounting, SXX film, lona
at F/8, 1/L00 scoe shutter sctting, and n minua bluo filter. -

Camorya B wia on a gimbyl mounting with a moving £ilm magazine -

loaded with fino gruin film at F/11 with 1/70 soce shuttor setting and
a minus bluo filtor. :
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: The movemsnt during e: ure in camera A is 0,00009 rad, which
equals O.45\;, for the lons ot F/B. This corresponis to a reduction

in resolution of 10% for test cbjects at right angles tc the direction
of movemsnt, Thus we may expeot that tho effeot of movemsnt in
. Camera A is negligible and the difference in resolution betwesn the
two cameras is dus to the differemnce in resvlution of the lens-film
ocomblnation.

It was intended tc photograph the test objeot in order to
oompare the resclution quantitatively. Booause of tho formation of
oloud in that arca however only two photographs of the tost objoot
wore cbtained with 27 and § groups morc resolved on the fine grain
megative than on the standard. This corresponds to an improvemont
in resolution nf 58: and 124

A series of photographs of difforont cbjoots in other parts of
the ocountry have boen taken, allowing qualitative comparison. Whon
oomparing the resolution of thu nogativus cbtained it has been found
that out of the 71 pairc of nogatives madu, in 60 pairs, i.0. 84.5%,
the fine grain oompunsated camora nogativo was noticcably bettor than
the standard, in'5 pairs (7) no difforonce in rosclution could be
found botweon tho nupativus and in 6 pairs (8,5%) tho fine grain
megative was hoticcably worse than the standard,

Photographs in Figs.40 and 41 which arc 10 (iiam. onlargoments
from the original nugatives show t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>